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Research Goals and Project Task Objectives

The long-term goals of this project are to: (1) develop detailed 3D models of eectron and charged
particle trangport within trabecular bone taken from various skeletal Sites, subject ages, and both sexes,
and (2) to extend current Reference Man skeletd dosimetry models to more clinicdly relevant patient
populations. Task A — Refinement of 200-MHz NMR Imaging Techniques. Objective: To
edtablish optima spatia resolution and sample form needed to congtruct 3D models of trabecular bone
for dosmetry studies. Duration: Year 1

Task A.1 Investigation of Optimal Spatial Resolution Using a Synthetic Model of Trabecular Bone
In this task, a computer model of a cubical section of trabecular bone, 22 x 2.2 x 2.2 cnT in Size, was
congtructed.  Within an interior 1.6 x 1.6 x 16 cnT region of interest (ROI), a random aray of
samulated sphericd marrow cavities was placed. The digribution of sphere radii were generated
according to the probability dengity function:

P(r)=Pe ™ @)
where r is the sphere radius and Py, is a fitting parameter that dlows changes to the average vaue of
the digribution. The vaue of R, found to give the best fit to the Spier's marrow chord didtribution (the
digtribution currently in use in cdinicd dosmetry and measured some 30 years ago via optical scanning
of a 44-year-old male [see origina proposd]), was 44 cmt. The bone trabeculae in the modd are
taken to be the spaces between non-overlapping spheres within the bone cube. As shown in Figs 1
and 2, the didributions give by Eg. 1 were found to give a modd reasonably consstent with that of the
Spier’ sdigtributions for the cervica vertebrae for Reference Man (see Figs. 1 and 2).
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A series of computer codes were subsequently crested to smulate NMR images of the synthetic
bone cube. For each smulated image, the volume fraction of bone or marrow was assessed through
both andytic and Monte Carlo techniques. If the volume fraction of bone exceeded 50%, the entire
voxel was segmented as a bone voxd; otherwise, the entire voxel was segmented as a marrow voxe.
Nineteen different voxel Szes were created ranging from 1mm per dimension to 16 mm per dimension.
Figs. 3 and 4 show the variaion of the totd marrow volume fraction and the trabecular surface area as
a function of voxe resolution. The horizontd line indicates the “true’ vadue within the synthetic bone
cube. Note that one can accurately measure the marrow fraction even at reatively large voxels of 250
mm (current imaging at 4.7 T achieves a resolution of between 60 and 80 mm). Nevertheless, due to
the voxdized nature of the smulaled NMR images the trabecular surface aea is initidly
underestimated a poor image resolutions (large voxe Szes) due to the loss of trabecular connectivity.
As the resolution improves, one increasingly approaches to the “true¢’ surface area.  However, a
resolutions below 300 nm, an increasingly higher overestimate of the bone surface area results.  This
error was found only to have a dgnificant impact on dosmetry results for cross region irradiation with

low-energy dectrons.
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For esch of the 19 voxdized images, EGSA dectron transport smulations were conducted
amulaing a uniform marow source of monoenergetic eectrons.  The absolute difference in the
absorbed fractions between the segmented image and the reference image (AFsegmented - AFreference) are
plotted in Fig. 5a for the marrow as the target region and in Fig. 5b for the bone trabeculae as the target
region. For eectron energies greater than 400 keV, these figures show that with increesngly smdler
voxd gzes (improved image resolution), one gpproaches accurete dosimeiry for both the sdf-dose to
the marrow and the cross-dose to the bone trabeculae. At these energies, an resolution of only ~150

mm is needed for very accurate dosmetry. This resolution is Sgnificantly higher than that currently
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achievable on the UF Brain Ingitute' s 4.7 T NMR spectrometer. For lower energy eectrons, the error
in the surface area presented to the dectrons within the voxdized image results in an underestimate of
the sdf-dose to marrow and a corresponding overestimate of the cross-dose to bone. Nevertheless, the
magnitude of these erors in rdaivdy smdl. Sill, we ae currently investigating methods of
correcting doses at low dectron energies within our NMR images of trabecular bone.
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Task A.2 Investigation of Optimal 1 mage Pulse Sequence and Sample Size

Other efforts within Year 1 included a comprehensve study of pulse sequence and sample Sze
requirements for NMR microscopy of our trabecular bone samples. Through a trail-and-error process,
we have setled on a 3D spin-echo pulse sequence on the 4.7 T NMR spectrometer at the UF Brain
Ingtitute's Advanced Magnetic Resonance Imaging and Spectroscopy (AMRIS) Fecility.  The full
procedure for sample harvest and imaging is as follows. (1) Samples are harvested from cadaver

sources. To date, 22 bone sites have been harvested from three subjects. a 51-year mae, a 82-year
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femde, and a 86-year femde. The older femde was subdantidly smdler in frame that the 82-year
femde. (2) CT scans are performed for each bone ste. The purpose of this step is twofold.  Frt, the
3D images dlow one to view the internd trabecular sructure of the bone Ste which aids in deciding
where to make bone cube cuts for NMR imaging samples.  Second, the 3D CT images dlow one to
better condruct a full macroscopic modd of the bone ste indicating the 3D shape of the trabecular
regions and the thicknesses of the cortica bone cortex needed for subsequent 3D eectron transport.
(3) Bone cubes are then cut. We are currently cutting samples roughly 2 cm x 1.5 cm x 1.5 cm
dimenson (4) Next, the bone cubes are subjected to chemicd digestion of the marrow tissues. If
marrow intact samples are used (for comparison purposes) this step is skipped. (5) The samples are
then immersed in Gd-doped water and imaged on the 4.7 T sysem. A 3D spin-echo pulse sequence is
employed using a repetition time TR=1500 ms for marrow intact samples and TR=200 ms for marrow
digested samples. The echo time TE = 11-13 ms for both. An image matrix of 512 x 256 x 256 is
used. Marrow-intact samples are imaged for ~15 hours with one imaging average. Marrow-digested
samples are images for ~7 hours with 2 averages taken. (6) The next step is to utilize in-house codes
for image processng incduding image segmentetion (credting a binary image of marow and bone
voxds) and image filtering (remova of dray voxes attributed to noise in the image sysem). (7) The
find step isacoupling of the image to the EGS4 transport code for particle transport.

Task B - Advanced Progress

Accelerated progress has been achieved for some of the tasks origindly scheduled to begin in Year 2.

These tasks include the development of macroscopic transport models of the thoracic vertebrae and the
femur head. Current work is progressng on a modd of the cranium. A new task has adso been
initiated in gathering data on the hisology of norma marrow tissues. In the padt, dl bone marrow
dosmetry modds using in clinicd and hedth physics dosmetry have treated the marrow Space as a
gngle target. It is wel known that marrow tissues include an active component (red marrow) and an
inactive component (yelow marrow). Higologicd definitions of inactive marrow are the adipocytes
or fa cdls which accumulate with age in the trabecular marrow spaces. We have initiated a new task
to characterize the spatid didribution of these fat cdls within norma bone from bone marrow samples.

Parameters to be characterized include the distribution of fat cels per cluster, the spatid pattern of the
clusers (near the center of the marrow cavity or near the bone trabeculag), and the percentage of
trabecular bone surface covered. The latter quantity may be dgnificant in that current hedth physics
models dlow 50% of energy depostion to marow for bone-surface depostions of alpha-particle

emitting radionudides. If a “firgd-fat layer” is seen, then the true absorbed fraction to active marrow
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may be in fact zero, dgnificantly increesng the annud limit on intact of bone-seeking radionuclides
for occupationa workers in DOE cleanup activities. Findly, we have created preiminary modes of
trabecular bone which are segmented into three, rather than two, tissues - bone, active marrow, and
inactive marrow. The latter is achieved through declaring some of the marrow voxels to be fat cdls or
fa cdl cduges Clinicdly and operationdly, this refinement to the modd will be dgnificat in that
the fat percentage of marrow varies with bone site and with subject age.
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